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The DNA origami method 1,2 has laid the foundation for a multitude of nanoscale devices that permit control over dynamic chemical or optoelectronic processes [3] [4] [5] [6] [7] [8] . Many of these devices are chemically heterogeneous and labile, with components that are often too closely spaced, small, flexible, or fragile to be monitored by techniques such as atomic force microscopy (AFM).
Fluorescence nanoscopy combines high spatial resolution and tunable chemical specificity with relatively low invasiveness [9] [10] [11] [12] [13] [14] , and therefore holds promise for the spatiotemporal imaging and quality control of functional nanomaterials 8, 10, 12, 13, 15, 16 .
As targets for fluorescence nanoscopy, 60 x 90 nm rectangular DNA origami tiles 1 were synthesized, each bearing 42 or 126 identical single-stranded overhangs for the attachment of substrate (S) oligonucleotides via a 20-base-pair DNA duplex ( Figure 1a -d, Figure S1 , Table S1 ).
In addition, each tile had 4-5 overhangs bearing biotins on the face opposite to that of S for immobilization of the tiles in random orientations ( Figure S2 ) on a NeutrAvidin-coated microscope slide ( Figure 1c ). Upon saturation with excess S (Figure S3 ), the tiles were immobilized on a microscope slide at a density of ~0.1 μm -2 and imaged on a total internal reflection fluorescence (TIRF) microscope in the presence of one or two probe strands,  and/or  ( Figure 1c -d, Figure S4 ). Each probe was labeled at its 5′-end with a fluorophore (Cy3 or Cy5)
to permit its detection upon transient binding to the DNA origami within the evanescent field of excitation light. The concentration of probes was adjusted to an optimal range of 10-20 nM so that, in general, only zero or one copy of each probe was bound to a given origami at a time ( Figure 1e ). This ensures accurate localization of individual binding sites, as opposed to averaged locations of multiple sites, and minimizes competition between probes ( Figure 1d ). We found that  and  dissociate from origami-bound S with rate constants of 0.34 ± 0.01 and 0.22 ± 0.03 s -1 , respectively (Table S2) .
In each experiment, the tiles were imaged for up to 66 min, yielding 20-300 binding events per tile. The fluorescence emission profile from each probe was fit with a 2D Gaussian function to localize the probe (Figure 1f ). Intensity thresholding, aided by Hidden Markov modeling, was used to select intervals in which only one probe was bound (Figure 1e ). Finally, a superresolution reconstruction was generated in which each localization was represented as a Gaussian distribution with x and y standard deviations calculated based on photon count and other imaging (Table S3) . Furthermore, a model-free alignment of 198 reconstructions of R origami, each comprising 100-300 localizations ( Figure S7 ), using standard single particle analysis software EMAN revealed several class averages resembling the desired rectangular structure (45-55% of origami), with most of the remaining class averages resembling aggregated or incompletely assembled origami. Many defects revealed in the PAINT images have 5 counterparts in AFM images ( Figure S7 ), suggesting that they are due to imperfect tile or pegboard assembly. This is consistent with the fact that the number of binding events per origami is distributed more broadly than would be predicted for binding to a set of identical, fully assembled pegboards ( Figure S8 ). We note, however, that PAINT monitors the single-stranded DNA regions involved in interactions with external reagents that are too soft to be visible by AFM.
To demonstrate sequence-specific imaging, the R pattern was evaluated simultaneously in the presence of -Cy3 and -Cy5. The resulting binding patterns were reconstructed and registered in the same coordinate space, resulting in a two-color overlay ( Figure 3b , Figure S9 ). Unlike (Table S3 and Figure S11 ). However, the binding of  is more heterogeneous than that of , a fact that cannot be explained by assembly yield alone and is not detectable by AFM imaging. To further characterize the sequence dependence and stability of binding distributions, the 2-D correlation coefficient between difference profiles with the two inversely labeled sets of PAINT probes (as in Figure 4 b,c) was calculated for 70 origami and compared to the values expected from 1,000 simulated origami (Figure 4 e). The distributions are broadened by limited sampling, but there is a bias towards negative correlation coefficients in the experimental set, indicating a sequence-specific heterogeneity of binding that persists for at least 1 h. Importantly, 7 these patterns cannot be trivially attributed to a fraction of pre-cleaved S, which would lack the -binding sequence ( Figure S12 ). Furthermore, binding heterogeneity is not significantly correlated with the total number of binding events ( Figure S8 ), which implies that some wellassembled origami with intact S nevertheless bind probes unevenly. Together, these data suggest that the accessibility of -binding sequence varies across the surface of the origami somewhat independently of the accessibility of -binding sequence.
We therefore hypothesized that local interactions between adjacent S strands exert a differential influence on α and β binding. To test this possibility, we measured the kinetics of α-Cy3 and β-Cy5 binding to origami with spacings of ~5, 10, or 20 nm between nearest-neighbor S strands ( Figure S13 ). We found that -Cy5 binding is slowed by ~25% relative to that of - Figure   2b ), rectangular (e.g., Figure 2d ), or other (42 and 27 origami were examined from samples 1 and 2, respectively). The "other" category likely included malformed origami tiles, aggregates of multiple origami, or origami with spatially heterogeneous binding of -Cy5 (see Figure 4 ).
Samples 1 and 2 were correctly identified as R and L, respectively. 
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